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I.   INTRODUCTION 

This  report  discusses  the  matching  of  rotor  and  stator  flow  in  a  transonic 
compressor  stage  used  for  experimental  measurement  technique  development.  The 
compressor  is  a  small  (11  inches  in  diameter),  single  stage  axial  machine  with 
a  design  stage  pressure  ratio  of  about  1.5  at  30,460  RPM  (Fig.  1).  The  design 
was  completed  in  the  late  1960's  by  Dr.  M.  Vavra  and  is  documented  in  Ref.  1. 
The  compressor  does  not  reflect  today's  state  of  the  art  of  high  speed 
compressor  technology.   It  is,  however,  a  valuable  tool  to  investigate 
phenomena  peculiar  to  transonic  flows  such  as  shock  systems  and  the  losses 
accompanied  with  them. 

Initial  testing,  aimed  at  establishing  the  overall  performance  map  of  this 
compressor,  revealed  that  the  flow  into  the  rotor  was  in  disagreement  with  the 
design.  The  flow  rate  at  the  full  open  throttle  condition  was  too  small  and 
the  radial  distribution  of  velocity  did  not  match  the  rotor  requirements.   In 
Fig.  2  the  measured  relative  rotor  inlet  angle  $i   and  rotor  incidence  angle 
versus  radius  are  compared  to  the  rotor  requirements.  The  initial  test  data 
was  acquired  at  60%  of  design  speed.  Later  measurements  were  carried  out  to 
speeds  of  70%  of  design  and  the  need  to  improve  the  inlet  flow  field  at  low 
speeds  was  clearly  demonstrated,  Ref.  2.  It  was  found  that  the  rotor  inlet 
flow  angle  was,  for  a  constant  throttle  setting,  independent  of  speed. 
Attempts  to  improve  the  rotor  flow  were  made  by  nodifing  the  inlet.  However, 
calculations  as  well  as  hardware  modifications  showed  that  the  existing  inlet 
flow  (Fig.  2)  could  only  be  changed  slightly  by  variations  upstream  of  the 
rotor  leading  edge.   In  order  to  increase  the  flow  rate,  a  flow  straightener 
downstream  of  the  stator  was  removed.  This  flow  straightener  (consisting  of  a 
honeycomb)  was  found  to  produce  sizable  losses  and  thus  restrict  the  exit 
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flow.  An  increase  in  flow  rate  was  measured,  however,  the  velocity 
distribution  at  the  rotor  leading  edge  was  not  changed  significantly. 
Consequently  the  role  of  the  stator  or  the  rotor-stator  interaction  was 
examined  more  thoroughly  in  order  to  understand  the  flow  field  measured  in  the 
compressor . 
II.   ROTOR  -  STATOR  INTERACTION 

Attempts  to  improve  the  rotor  flow  described  in  Ref .  2  dealt  with  the 
rotor  inflow  only.  Since  the  rotor  incidence  angle  was  found  to  be  constant, 
modifying  the  inflow  using  various  hardware  changes  seemed  to  be  a  logical 
step.  However,  as  the  improvements  achieved  were  small,  the  influence  of  the 
flow  downstream  of  the  rotor  on  the  rotor  itself  became  the  center  of 
attention.  Tables  I.  through  VI.  show  the  radial  distributions  of  rotor  and 
stator  and  inlet  angles.  These  measurements  were  taken  as  different  inlet 
modifications  were  tried.   (Ref.  2)  The  design  speed  was  60%  at.  the  indicated 
flow  rates.  In  Fig.  3  the  stator  incidence  angle  is  plotted  versus  the  rotor 
incidence  angle  for  five  streamlines  (also  see  Tables  I  through  VT ) .  Data  for 
each  of  the  radial  surveys  is  connected  with  a  curved  line.  For  any  of  the 
given  streamlines  the  relationship  between  stator  and  rotor  incidence  angle 
can  be  closely  approximated  by  a  straight  line.  This  correlation  was  found  to 
be  independent  of  flow  rate  and  radial  distribution  of  flow  rate  at  the  rotor 
inlet.  Certain  distributions  were  forced  by  using  various  inlet  screens  (see 
Ref.  2) .  Consequently  for  any  given  rotor  incidence  angle  there  will  only  be 
one  corresponding  stator  incidence  angle.  Close  to  the  origin  of  the 
coordinate  system  (Fig.  3)  a  curved  line  indicates  the  relationship  for 
minimum  loss  incidence  angle  of  rotor  and  stator.  The  difference  between  the 
minimum  loss  incidence  and  any  measured  incidence  indicates  significant  loss 


production.  From  the  straight  lines  (Fig. 3)  representing  various  streamlines, 
the  necessary  stator  incidence  angle  corresponding  to  a  minimum  loss  rotor 
incidence  angle  and  vice  versa  can  be  determined  across  the  blade  span.  Fig. 
4  shows  that  a  stator  operating  at  minimum  loss  incidence  angle  would  require 
the  rotor  to  be  stalled  while  a  rotor  minimum  loss  configuration  would  force 
the  stator  to  surge.  Any  rotor  inflow  modifications  can  only  bring  about 
changes  between  these  Limits  shown  in  Fig.  4. 

While  the  rotor  approaches  rrtLnimum  loss  incidence  angle  with  increasing 
flow  rate,  the  stator  improves  with  decreasing  flow  rate.  Fig.  5  shows  that 
at  60%  of  design  speed  the  stator  static  pressure  recovery  increases  with 
decreasing  flow  rate.  To  place  the  stator  running  conditions  in  the 
perspective  of  the  overall  compressor  performance,  the  stator  incidence  angle 
at  mid  chord  is  compared  to  compressor  efficiency  (Fig.  6)  at  70%  of  design 
speed.  The  compressor  peak  efficiency  occurs  at  a  flow  rate  quite  close  to 
the  point  where  the  stator  is  operating  at  minimum  loss  incidence  angle.  This 
indicated  that  the  influence  of  the  stator  incidence  on  the  compressor  should 
be  significant. 

Although  it  was  found  that  the  rotor  inflow  was  independent  of  wheel  speed 
at  60%  speed,  it  was  important  to  determine  if  the  relationship  found  between 
rotor  and  stator  incidence  conditions  found  at  this  speed  would  be  the  same 
at  other  speeds.  For  70%  of  design  speed  the  rotor  and  stator  incidence  angle 
distributions  were  measured  at  various  flow  rates.  At  68%  of  design  speed  the 
rotor  relative  Mach  number  exceeds  unity  at  the  rotor  tip.  Beyond  60%  the 
relative  Mach  number  is  already  larger  than  the  critical  value.  At  these 
conditions  the  wake  shed  from  a  probe  immediately  upstream  of  the  leading  edge 


(station  1,  Fig.  1)  can  cause  severe  flutter  problems  for  the  rotor  blading. 
To  avoid  damaging  the  machine  a  computer  program  was  developed,  which 
calculated  the  velocity  vector  at  the  rotor  leading  edge  from  measurements  at 
measuring  station  number  0  (see  Fig.  1) .  The  incidence  angle  derived  from  this 
velocity  vector  differs  only  slightly  from  the  value  measured  at  station  1. 
For  inlet  configurations  without,  any  screens  or  other  modifications  the  rotor 
and  stator  inlets  were  surveyed  at  60  and  70%  of  design  speed  at  the  open  and 
closed  throttle  settings.  Tables  VTI  through  X  show  the  results,  which  are 
plotted  on  Fig  7.  Figure  7  shows  that  for  a  full  open  throttle  configuration 
the  curves  of  stator  incidence  versus  rotor  incidence  are  practically  the  same 
for  either  60  or  70%  of  design  speed.  For  throttled  conditions  there  are 
slight  differences,  probably  because  the  throttle  setting  was  not  exactly  the 
same  for  both  speeds.  The  data  of  all  four  curves  can  be  represented  by 
straight  lines  for  individual  streamlines.  Only  the  flow  rate  changes  with 
these  curves.  The  compressor  speed  has  no  influence.  In  Fig.  8  the  radial 
distributions  of  rotor  and  stator  incidence  angle  are  shown  for  two  throttle 
settings  at  70%  of  design  speed.  At  the  maximum  flow  rate  (open  throttle)  the 
stator  incidence  is  about  -16°  at  the  tip  and  negative  over  the  whole  blade 
span.  For  this  running  condition  the  rotor  comes  closest  to  the  minimum  loss 
incidence  angle;  the  desired  operating  regime.  However,  the  stator  will  be 
approaching  surge  and  will  generate  a  significant  amount  of  blockage  downstream 
of  the  rotor.  Since  it  was  clearly  demonstrated  that  any  improvement  to  the 
rotor  flow  would  make  thinqs  worse  for  the  stator,  the  stator  was  removed. 


III.   COMPARISON  CF  ROTOR  ONLY  AND  STAGE  DATA 

The  stator  was  manufactured  as  a  single  piece  rather  than  an  assembly  of  a 
disk  and  blades  (see  Fig.  1).  In  order  not  to  disturb  the  flow  at  the  hub, 
the  stator  was  replaced  by  an  aluminum  ring  with  a  contour  identical  to  the 
stator  hub.  This  ring  contained  the  same  static  pressure  tappings  as  the 
original  stator  hub.  The  flow  straightener  (honeycomb)  shown  in  Fig.  1  had 
been  removed  earlier.  Thus  the  swirl  created  in  the  flow  by  the  rotor  was  not 
removed.  After  the  flow  leaves  the  compressor  stage  (former  end  of  flow 
straightener),  it  is  turned  90°  and  exhausted  radially.  Within  the  exhaust, 
there  were  eight  struts  made  of  0.75  inch  diameter  bolts  with  fairings.  The 
area  ratio  between  exhaust  cross -section  and  rotor  outlet  is  0.32.  Due  to  a 
corresponding  reduction  in  axial  velocity,  the  swirl  angle  in  the  exhaust  is 
between  10°  and  15°,  depending  upon  spanwise  location.  Since  the  struts  could 
not  be  adjusted  to  this  angle,  they  were  left  misaligned  to  the  flow  by  that 
amount.  The  misalignment  was  considered  to  be  small  since  the  struts  occupied 
only  9.5%  of  the  total  exhaust  area. 

The  total  pressure /temperature  probes  of  the  stage  outlet  rake  at 
measuring  station  number  3  were  adjusted  to  the  flow  angle  determined  with  an 
angle  probe.  For  the  flow  rate  range  examined,  the  instrumentation  did  not 
need  to  be  adjusted  further.  The  removal  of  the  stator  required  the 
disassembly  of  most  of  the  test  vehicle.  Earlier  tests  had  shown  it  to  be 
an  improvement  to  modify  the  rotor  spinner  to  a  strictly  conical  shape  (Ref . 
2 ) .  This  disassembly  was  used  to  alter  the  existing  spinner  to  the  shape 
shown  in  Fig.  9.  due  to  the  forward  extension  beyond  the  original  spinner 
tip,  the  traversing  distance  of  the  combination  pneumatic /temperature  probe  at 
station  0  had  to  be  reduced.  Otherwise  no  further  modifications  of  the 


instrumentation  hardware  or  software  were  necessary. 

III.l.  Overall  Performance 

Since  it  was  found  that  the  rotor  operates  closest  to  minimum  loss 
incidence  at  full  open  throttle,  the  compressor  map  was  not  measured.  For 
speeds  from  25%  to  70%  the  performance  was  measured  at  small  increments  of 
speed  at  open  throttle.  This  data  and  performance  map  data  of  the  stage 
acquired  earlier  is  shown  in  tables  XI  to  XTV.  Fig  10  shows  an  appropriate 
comparison.  For  the  stage  configuration  the  speed  lines  of  50%  and  70%  of 
design  speed  are  shown  as  well  as  the  maximum  flow  rate  line  for  speeds  from 
25%  to  70%.  The  latter  can  be  directly  compared  to  the  maximum  flow  rate  line 
for  the  rotor  only  configuration.  This  shows  that  the  total  pressure  rise 
produced  by  the  rotor  alone  is  slightly  lower  than  the  stage  at  the  same 
speed,  however  the  referred  flow  rate  is  higher.  At  the  same  time  the  overall 
efficiency  is  higher  for  the  rotor  only  configuration.  The  total  temperature 
increase  is  smaller  for  the  rotor  only  (Fig.  11),  which  appears  to  be  the 
primary  reason  for  the  increase  in  efficency.  For  any  given  speed  the 
referred  flow  rate  of  the  rotor  alone  is  larger  than  the  stage  flow  rate. 
This  indicated,  that  the  stator  in  fact  generated  increased  downstream 
blockage  at  open  throttle. 

III.  2.   Rotor  In-  and  Outflow 

The  goal  of  removing  the  stator  was  to  improve  the  rotor  flow. 
Consequently  the  rotor  in-  and  outflow  were  measured  and  compared  with  the 
stage  data.  Radial  surveys  were  taken  at  measuring  stations  0  (upstream) 
and  station  2  (downstream  of  the  rotor)  (Fig.  1).  Fig.  12a  shows  the 
absolute  Mach  number  distribution.  Although  an  overall  increase  in  flow  rate 
was  measured,  the  increase  in  inlet  Mach  number  shown  is  misleading.  The 


change  of  the  spinner  increased  the  hub  radius  at  station  0.  This  represented 
an  area  reduction  at  that  axial  location  of  3.3%,  which  partially  led  to  the 
increase  in  Mach  number  shown.  At  the  rotor  outlet  (station  2)  the  radial 

distribution  of  the  absolute  Mach  number  did  not  vary,  while  the  level  dropped 
slightly.  The  absolute  flow  angle  (Fig.  12b)  shows  basically  no  change 
between  stage  and  the  rotor  only  measurement.  At  station  0  there  was  a  small 
deviation  in  absolute  angle  near  the  hub  for  the  rotor  only  configuration. 
This  cannot  be  attributed  to  preswirl  due  to  the  changed  spinner  geometry, 
since  preswirl  would  produce  a  flow  deflection  in  the  opposite  direction.   It 
had  to  be  assumed  that  there  was  a  measurement  error.  Changes  at  measuring 
station  2  were  small.  The  disagreement  with  the  design  values  did  not 
improve.  The  flow  pitch  angles  at  stations  0  and  2  are  shown  in  Fig.  12c. 
At  the  inlet  (station  0)  the  pitch  angle  was  slightly  larger  in  a  stage 
configuration  than  for  the  rotor  only.  Near  the  hub  spinner,  pitch  angle  is 
higher  in  the  rotor  only  measurement  while  the  pitch  angle  decreases  towards 
0°  (the  free  stream  value)  for  the  stage  configuration.  No  significant 
variations  were  found  in  the  rotor  outlet  pitch  angle  distribution. 

From  the  measured  rotor  inlet  velocity  vector  and  the  rotational  speed  one 
can  derive  the  incidence  angle  to  the  rotor.   In  Fig.  13,  the  rotor  incidence 
angle  for  the  rotor  alone  and  the  stage  are  compared.  Due  to  the  increased 
flow  rate  the  rotor  only  configuration  has  lower  incidence  angles  across  the 
blade  span.  For  a  substantial  center  portion  the  measured  incidence  angle 
closely  matches  the  value  for  minimum  loss. 

The  hub  to  tip  distribution  of  incidence  angle  did  not  change  with  the 
removal  of  the  stator. 


IV.   ROTOR  ONLY  COMPARISON  OF  TEST  RESULTS  AND  CALCULATIONS 

For  an  open  throttle,  highest  flow  rate  configuration,  the  radial 
distributions  of  velocity  vector  at  rotor  in  -  and  outlet  were  measured  at  70i 
of  design  speed  (Fig.  14a-c).  Qualitatively  the  distributions  of  absolute 
Mach  number,  yaw  and  pitch  angle  are  the  same  as  those  for  60%,  only  the 
level  of  Mach  number  is  increased.  In  order  to  have  some  means  to  derive 
total  pressure  losses  across  the  rotor,  the  radial  distributions  of  total 
pressure  and  temperature  were  measured  at  rotor  in-  and  outlet  (Fig.  15a, 
15b) .  While  the  total  temperature  rise  is  fairly  uniform  across  the  blade 
span,  the  total  pressure  increase  for  the  tip  is  small  compared  to  the  hub. 
These  trends  are  reflected  in  the  total  pressure  loss  coefficient  (Fig.  I5c). 
To  evaluate  the  measurements  further,  a  2-D  finite  element  computer  code 
was  used  to  calculate  the  rotor  flow  for  the  same  running  conditions.  The 
code  utilized  was  developed  by  Hirsch  and  is  described  in  Ref .  3  and  Ref. 
4.  The  meridional  mesh  used  in  the  calculation  is  shown  in  Fig.  16.  The 
station  lines  (hub  to  tip)  are  arranged  such  that  line  number  3  originates  at 
the  spinner  tip,  number  5  and  number  8  coincide  with  the  measuring  stations 
number  0  and  1  respectively  for  radial  surveys  of  the  inlet.  Number  9 
represents  the  rotor  leading  edge  and  numoer  12  the  trailing  edge.  Station 
line  number  13  is  identical  to  measuring  station  number  2,  for  radial  surveys 
of  the  rotor  outlet.  The  up-  and  downstream  extensions  of  the  mesh  reach 
points  where  the  duct  cross -sectional  areas  remain  constant.  Inlet  conditions 
such  as  flow  rate,  rotor  speed,  pressures  and  temperatures  were  taken  from 
measurements  at  70%  of  design  speed.  The  results  given  ty  the  computer  code 
are  very  extensive  and  only  a  few  are  presented.  The  calculated  flow  angle 
(Fig.  17)  is  in  good  agreement  with  the  measurement  for  rotor  in-and  outflow. 
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Disagreement  towards  the  tip  at  measuring  station  2,  calculation  station  13  is 
likely  to  be  a  probe  error.  The  probe  is  retracted  into  a  0.25"  diameter 
hole,  leaving  a  gap  between  the  probe  itself  and  the  outside  of  the  hole. 
Furthermore,  not  all  sensors  are  located  at  the  same  radial  position,  so  that 
some  might  already  be  retracted  while  others  are  still  exposed  to  the  flow. 
The  combination  of  these  effects  causes  inaccuracies  in  measurements  in  the 
immediate  vicinity  of  the  wall.   In  Fig.  18  the  velocity  in  the  absolute  frame 
is  compared  for  various  axial  stations.  The  agreement  is  good  everywhere. 
Test  data  plotted  at  calculating  station  number  9  has  been  calculated  from 
measurements  at  measurement  station  number  0.  In  order  to  evaluate  the  whole 
velocity  vector,  the  various  components  of  the  absolute  total  velocity  (Fig. 
18)  were  compared.  While  the  agreement  of  the  axial  component  is  good 
throughout  (Fig.  19),  large  discrepancies  appear  to  exist  for  the  radial 
component  of  the  rotor  outlet.  Here,  however,  the  representation  of  the  three 
dimensional  velocity  vector  in  terms  of  its  components  rather  than  magnitude 
and  angles,  is  misleading.   In  fact,  if  one  neglects  discrepancies  in  the 
tip  region,  the  largest  difference  in  radial  velocity  component  of  about  12 
m/s  at  32%  blade  span,  represents  an  error  in  pitch  angle  of  3°  less  than 
everywhere  else.  Although  not  a  negligible  difference,  an  explanation  was 
not  readily  available.  For  measuring  station  number  0/calculation  station 
number  5,  the  error  in  pitch  angle  in  the  hub  area  is  rather  large.  The 
maximum  difference  between  12°  measured  and  21°  calculated  at  20%  span  can 
only  be  accounted  for  by  the  substantial  area  change  at  calculation  station 
number  3;  this  might  have  caused  a  problem  in  the  calculation.  The 
tangential  velocity  component  (Fig.  21)  is  in  good  agreement  for  the  lower  80% 
of  the  span  at  the  rotor  outlet.  The  disagreement  in  the  upper  20%  cannot  be 


attributed  to  probe  error  alone,  since  these  only  occur  within  10%  from  the 
casewall.  At  75%  span  the  calculated  absolute  velocity  shows  only  a  small 
increase,  while  the  absolute  flow  angle  increases  for  that  location.  This 
could  be  the  reason  that  the  tangential  velocity  component  increases.  From 
the  measured  absolute  flow  angle  (Fig.  17)  and  velocity  (Fig.  18),  the 
relative  flow  angle  at  rotor  in-and  outlet  were  calculated  and  compared  to 
those  derived  from  the  throughflow  calculation  (Fig.  22).  Except  for  the  hub 
and  tip  area  the  agreement  is  good.  Another  parameter  that  was  important  in 
the  calculation  of  profile  losses  is  the  relative  Mach  number.   It  was  derived 
hub-to-tip  for  in-and  outlet  from  measurements  and  compared  to  calculation 
results  (Fig.  23).  The  agreement  at  the  rotor  leading  edge  is  very  good.  For 
the  outer  50%  of  the  blade  span  the  Mach  number  is  larger  than  the  critical 
value  and  reaches  unity  at  the  tip  of  the  blade.  The  largest  discrepancy  in 
the  outlet  relative  Mach  number  is  5%  near  the  hub  (Fig.  23).  The  measured 
qualitative  behavior,  however,  is  well  predicted. 

The  combination  probes  resolve  not  only  the  velocity  vector,  but  total 
pressure  and  total  temperature  as  well.  These  quantities  are  needed  to 
calculate  the  rotor  losses.  The  inlet  conditions  are  identical  for 
measurement  and  calculation,  due  the  measured  data  being  used  as  the  input  for 
the  calculation.  Fig.  24  shows  the  total  pressure  at  rotor  in-  and  outlet. 
The  measured  increase  in  total  pressure  across  the  rotor  is  up  to  12%  less 
than  the  calculated  one.   In  the  tip  region  the  discrepancy  is  rather  large. 
Here  the  discontinuity  in  the  calculation  results  noted  earlier  might  be  at 
fault. 

In  comparing  the  outlet  total  temperature  (Fig.  25),  one  notes  that  the 
measured  data  points  are  scattered  about  the  calculated  values.  The  mass 
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averaged  value  of  all  single  measurements  however  is  close  to  the  average 
value  of  the  calculation.  In  earlier  measurements  it  was  found,  that  the 
temperature  of  the  ambient  air  fluctuates  as  much  as   2°C  within  short  time 
periods.  To  avoid  an  influence  of  this  phenomena  on  compressor  measurements, 
the  temperature  differential  across  the  rotor  is  measured  rather  than  the 
absolute  readings  of  in-and  outlet.  This  procedure  makes  the  temperature 
level  of  the  incoming  air  unimportant.  In  Fig.  25  however,  the  actual  values 
of  the  measured  outlet  total  temperature  are  compared.  They  exnibit  the 
magnitude  of  possible  variations  due  to  changes  in  ambient  conditions.  From 
the  measured  total  pressures  and  total  temperatures  the  rotor  loss  (hub  to 
tip)  was  'Calculated  (Fig.  26).  The  comparison  with  calculation  results 
reflects  the  disagreement  found  in  the  total  pressure  (Fig.  24) .  Calculation 
as  well  as  measurement  show  a  distinct  increase  in  losses  towards  the  tip  (80% 
span  and  larger).  This  is  assumed  to  reflect  the  shock  losses,  vtfiich  should 
be  present  at  those  radii  due  to  the  high  relative  inlet  ftech  number  (Fig. 
23). 
V.   CONCLUSION 

The  interdependence  of  rotor  and  stater  flow  of  a  transonic  compressor  was 
investigated.  Starting  from  the  observation  that  neither  blade  row  was 
operating  close  to  minimum  Joss  conditions  for  any  compressor  speed  and  flow 
rate,  it  was  found  that  for  a  wide  array  of  rotor  inlet  conditions  the 
dependence  between  rotor  and  stator  flew  followed  a  very  distinct  pattern. 
Changes  of  radial  distributions  of  the  inflow,  generated  by  partial  blockage, 
did  not  affect  the  relationship  between  rotor  and  stator  flow  for  given 
streamlines .  Since  the  rotor ' s  optimum  flow  condition  required  the  stator  to 
be  off -design  and  vice  versa,  the  stator  was  removed  so  that  the  rotor  could 
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operate  without  downstream  blockage  generated  by  the  stator.  Interestingly, 
the  increase  in  flow  rate  observed  was  slight  and  changes  in  the  rotor  flow 
were  moderate. 

The  flow  of  the  rotor  itself  was  compared  with  the  calculation  of  a  finite 
element  computer  program.  The  program  was  found  to  closely  predict  the 
measured  flow. 
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Stator  incidence  angle  vs  rotor  incidence  angle  at 
60%  of  design  speed. 
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Figure  4.   Minimum  loss  rotor/stator  incidence  angle  and  corresponding 
stator/rotor  incidence  angle. 
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Figure  7 


Stator  incidence  angle  vs  rotor  incidence  angle 
at  60%  and  70%  of  design  speed  for  two  throttle 
conditions  each. 
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Figure  9.   Modified  spinner. 
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Figure  11.   Open  throttle  (maximum  referred  flow  rate) 
total  temperature  rise  vs  referred  flow 
rate  for  compressor  stage  and  rotor  only. 
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Figure  13.   Rotor  incidence  angle  vs  blade  span  for  stage  and 
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Figure  14.   Radial  distributions  of  rotor  in-  and  outlet  velocity 
vector  for  rotor  only  configuration  at  70%  design 
speed. 
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Figure  17.   Comparison  of  measured  and  calculated  absolute  flow 
angle  vs  blade  span  at  70%  of  design  speed. 
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Figure  18.   Comparison  of  measured  and  calculated  absolute  total 
velocity  vs  blade  span  at  70%  of  design  speed . 
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Figure  19.   Comparison  of  measured  and  calculated  axial  velocity 
component  vs  blade  span  at  70%  of  design  speed. 
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Figure  20.   Comparison  of  measured  and  calculated  radial  velocity 
component  vs  blade  span  at  70%  of  design  speed. 
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Figure  21.  Comparison  of  measured  and  calculated  absolute 
tangential  velocity  component  vs  blade  span  at 
70%  of  design  speed. 
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Figure  22, 


Comparison  of  measured  and  calculated  relative  flow 
angle  vs  blade  span  at  70%  of  design  speed. 
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Figure  23.   Comparison  of  measured  and  calculated  relative  Mach 
number  vs  blade  span  at  70%  of  design  speed. 
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Figure   24.      Comparison  of  measured   and   calculated   absolute   total 
pressure  vs  blade   span  at   70%   of   design   speed. 
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Figure  25.      Comparison  of  measured  and   calculated  absolute  total 
temperature  vs  blade   span  at   70%   of  design   speed. 
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Figure  26.   Comparison  of  measured  and  calculated  loss  coefficient 
vs  blade  at  70%  of  design  speed. 
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COMPARISON  OF  ROTOR  AND  STATOR  INCIDENCE  ANGLE 


Table  I.  Data  from  file  T95608  -  No  honeycomb,  large  screen,  60%  of  design 

speed 
Rotor  Stator 


Am 
m 

h 

Y 

♦ 

i 

<*2 

y 

4 

i 

C-] 

C°] 

C°] 

C°] 

C°3 

[°] 

[°] 

C°] 

[°] 

0.25 

50.2 

45.06 

16.31 

5.0 

28.0 

11.94 

38.07 

-3.00 

0.50 

65.2 

53.94 

11.56 

5.7 

29.0 

12.38 

40.94  . 

-3.85 

0.75 

65.4 

58.76 

7.04 

3.6 

24.2 

12.87 

44.21 

-10.78 

0.375 

64.3 

60.27 

5.71 

2.0 

21.9 

13.21 

46.68 

-14.65 

1.000 

66.4 

59.83 

4.71 

4.1 

28.0 

14.50 

55.60 

-14.30 

Table  II.  Data  from  file  T95707  -  No  honeycomb,  no  screen,  full  open  throttle, 

60%  of  design  speed 


Rotor 

Stator 

Am 
m 

.  *1 

Y 

4> 

i 

a2 

Y 

* 

i 

[-] 

['] 

[*] 

[°] 

C°] 

[°] 

['] 

C°] 

[°] 

0.25 

57.0 

45.06 

16.31 

3.70 

26.5 

11.94 

38.07 

-4.48 

0.50 

60.2 

53.94 

11.56 

0.00 

24.2 

12.38 

40.94 

-8.65 

0.75 

63.3 

58.76 

7.04 

1.55 

22.1 

12.87 

44.21 

-12  .-88 

0.875 

65.0 

60.27 

5.71 

2.75 

21.3 

13.21 

46.68 

-13.25 

1.000 

66.9 

59.83 

4.71 

4.55 

30.9 

14.50 

55.60 

-11.40 

Table  III.  Data  from  file  T95714  -  No  honeycomb,  no  screen,  slightly  throttled, 

60%  of  design  speed 


Rotor 

Stator 

Am 

~m 

h 

Y 

4> 

l 

<*2 

Y 

♦ 

l 

[-] 

C°] 

['] 

[•3 

[•] 

[•3 

C°] 

[*] 

[°] 

0.25 

58.3 

45.06 

16.31 

5.09 

30.3 

11.94 

38.07 

-0.68 

0.50 

61.7 

53.94 

11.56 

1.98 

28.3 

12.38 

40.94 

-4.55 

0.75 

64.7 

58.76 

7.04 

2.42 

26.0 

12.87 

44.21 

-8.98 

0.875 

65.6 

60.27 

5.71 

2.48 

25.3 

13.21 

46.68 

-11.29 

1.000 

68.1 

59.83 

4.71 

5.92 

37.5 

14.50 

55.60 

-4.80 
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Table  IV.  Data  from  file  T92402  -  Old  bellmouth,  no  screen,  'honeycomb, 

slightly  throttle,  60%  of  design  speed 


Rotor 

Stator 

Am 

m 

h 

Y 

9 

i 

<*2 

T 

* 

i 

[-] 

c°] 

[*] 

[°] 

C°] 

[°] 

C°] 

[°] 

[•] 

0.25 

63.1 

45.06 

16.31 

9.9 

34.40 

11.94 

38.07 

3.97 

0.50 

66.2 

53.94 

11.56 

6.5 

32.00 

12.38 

40.94 

-0.85 

0.75 

68.9 

58.76 

7.04 

6.6 

29.34 

12.87 

44.21 

-5.64 

0.875 

70.8 

60.27 

5.71 

7.7 

28.00 

13.21 

46.68 

-3.58 

1.000 

73.5 

59.33 

4.71 

11.3 

37.00 

14.50 

55.50 

-5.30 

Table  V.   Data  from  file  T92504  -  Old  belliTDuth,  no  screen,  honeycomb  highly 

throttled,  60%  of  design  speed 


• 

Rotor 

Stator 

am 
m 

h 

y 

9 

i 

a2 

V 

9 

i 

[-] 

[°] 

[°] 

[°] 

[°] 

[•-] 

[°] 

[°] 

C°] 

0.25 

67.9 

45.06 

16.31 

14.70 

41.7 

11.94 

38.07 

-10.73 

0.50 

69.5 

53.94 

11.56 

9.78 

39.8 

12.38 

40.94 

6.95 

0.75 

70.4 

58.76 

7.04 

8.12 

37.0 

12.37 

44.21 

2.03 

0.875 

71.9 

60.27 

5.71 

3.78 

35.9 

13.21 

46.68 

-0.65 

1.000 

73.7 

59.83 

4.71 

11.52 

44.0 

14.50 

55.60 

-1.70 

Table  VI.  Data  from  file  T95811  -  No  honeycomb,  small  screen,  open  throttle, 

60%  of  design  speed 


Rotor 

Stator 

Z\m 
m 

h 

T 

9 

i 

a2 

y 

9 

i 

[-3 

[°] 

[°] 

C°J 

C°] 

[°] 

[°] 

[•] 

[°] 

0.25 

55.8 

45.06 

16.31 

2.7 

26.3 

11.94 

38.07 

-4.68 

0.50 

63.5 

53.94 

11.56 

4.1 

26.7 

12.38 

40.94 

-6.15 

0.75 

64.9 

58.76 

7.04 

2.75 

23.8 

12.87 

44.21 

-11.18 

0.875 

64.6 

60.27 

5.71 

2.25 

22.0 

13.21 

46.68 

-14.55 

1.000 

66.0 

59.33 

4.71 

1.65 

31.9 

14.50 

55.60 

-10.40 
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Table  VII.  Calculation  of  stator  incidence  angle  (T95907)  60%  of  design 
speed,  open  throttle 


# 

H 

R2 

a2 

Y 

4> 

i 

design  i 

[-] 

C-] 

[-] 

[°] 

[°] 

[8] 

C°] 

C"°] 

1 

0.000 

0.635 

27.00 

11.568 

34.900 

-1.99 

-3.788 

2 

0.260 

0.730 

25.37 

11 . 940 

38.069 

-5.60 

-1.300 

3 

0.520 

0.825 

22.50 

12.380 

40.935 

-10.35 

-2.200 

4 

0.756 

0.911 

20.40 

12.366 

44.207 

-14.57 

-3.000 

5 

0.878 

0.955 

20.50 

13.209 

46.681 

-16.05 

-3.000 

6 

1.000 

1.000 

27.00 

14.498 

55.603 

-15.30 

0.000 

Eotor 


# 

Am 
m 

Rl 
R2~ 

i 

[-] 

[-] 

L-] 

[•] 

1 

0.000 

0.5000 

3.55 

2 

0.250 

0.6614 

2.40 

3 

0.500 

0.7906 

•  0.90 

4 

0.750 

0.9014 

1.10 

5 

0.875 

0.9520 

1.73 

6 

1.000 

1.0000 

2.30 
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Table  VIII.  Calculation  of  stator  incidence  angle  (T95924)  60%  of  design, 
speed,  closed  throttle 


# 

H 

R2 

RQ 

a2 

Y 

<i> 

i 

design  i 

[-] 

[-] 

C-] 

[°] 

[°] 

C°] 

[°] 

[-] 

1 

0.000 

0.635 

39.60 

11.568 

34.900 

10.60 

-0.788 

2 

0.260 

0.730 

37.54 

11.940 

38.069 

6.56 

-1.300 

3 

0.520 

0.325 

35.33 

12.380 

40.935 

2.48 

-2.200 

4 

0.756 

0.911 

33.35 

12.366 

44.207 

-1.12 

-3.000 

5 

0.878 

0.955 

33.50 

13 . 209 

46.681 

-3.05 

-3.000 

6 

1.000 

1.000 

43.60 

14.498 

55 . 603 

1.30 

0.000 

Rotor 


# 

^B  equal 

Rl 

i 

A  to  H 

R0 

C-] 

[-3 

[-] 

C°] 

1 

0.000 

0.5000 

8.28 

2 

0.250 

0.6614 

6.75 

3 

0.500 

0.7906 

4.39 

4 

0.750 

0.9014 

.  4.82 

5 

0.875 

0.9520 

5.16 

6 

1.000 

1.0000 

6.00 
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Table  DC.     Calculation  of  stator  incidence  angle    (T96013)    70%  of  design 
speed,   open  throttle 


# 

H 

R2 
RO 

a2 

Y 

<f> 

i 

design  i 

[-] 

C-] 

[-] 

[*] 

[•] 

[•] 

[*] 

[-] 

1 

0.000 

0.635 

26.60 

11.568 

34.900 

-2.40 

-0.788 

2 

0.260 

0.730 

25.05 

11.940 

38.069 

-5.93 

-1.300 

3 

0.520 

0.825 

22.91 

12.380 

40.935 

-9.94 

-2.200 

4 

0.756 

0.911 

21.50 

12.866 

44.207 

-13.47 

-3.000 

5 

0.378 

0.955 

20.73 

13.209 

46.681 

-15.76 

-3.000 

6 

1.000 

1.000 

26.00 

14.498 

55.603 

-16.30 

0.000 

Rotor 


# 

*™  equal 

m  to  H 

Rl 
R0 

i 

C-] 

[-] 

[-] 

[°] 

1 

0.000 

0.5000 

3.53 

2 

0.250 

0.6614 

2.89 

3 

0.500 

0.7906 

1.15 

4 

0.750 

0.9014 

1.25 

5 

0.875 

0.9520 

.  1.92 

6 

1.000 

1.0000 

2.50 
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Table  X.     Calculation  of  stator  incidence  angle    (T96023)    70%  of  design  speed, 
closed  throttle 


# 

H 

R2 

RO 

a2 

Y 

* 

i 

design  i 

[-] 

[-] 

[-] 

[°] 

[°] 

[°] 

[•] 

C-°] 

1 

0.000 

0.635 

40.00 

11 . 568 

34.90 

11.00 

-0.788 

2 

0.260 

0.730 

40.25 

11.940 

38.069 

9.28 

-1.300 

3 

0.520 

0.825 

37.72 

12.380 

40.935 

4.87 

-2.200 

4 

0.756 

0.911 

36.00 

12.866 

44.207 

1.03 

-3.000 

5 

0.878 

0.955 

35.95 

13 . 209 

46.681 

-0.60 

-3.000 

6 

1.000 

1.000 

44.00 

14.498 

55.603 

1.70 

0.000 

Rotor 


# 

Am             , 
"m     gP& 

Rl 
R0 

i 

[-] 

L-] 

[-] 

[°] 

1 

0.000 

0.5000 

9.45 

2 

0.250 

0.6614 

6.93 

3 

0.500 

0.7906 

4.99 

4 

0.750 

0.9014 

4.95 

5 

0.875 

0.9520 

•    5.42 

6 

1.000 

1.0000 

6.30 
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Table  XI.  Stage  full  cpen  throttle  line 


N 

"ref 

IT 

^is 

Aiy 

Nref 

Ttl 

[-3 

[lbs/s] 

C-] 

[-] 

C-] 

0.247 

5.644 

1.021 

0.334 

0.0073 

0.295 

6.609 

1.030 

N/A 

N/A 

0.326 

7.224 

1.039 

0.856 

0.0128 

0.400 

8.708 

1.057 

0.365 

0.0187 

0.494 

10.388 

1.093 

0.872 

0.0297 

0.590 

12.350 

1.137 

0.878 

0.04267 

0.623 

13 . 500 

1.150 

0.358 

0.0477 

0.656 

14.242 

1.170 

0.368 

0.0530 

0.683 

14.354 

1.185 

0.360 

0.0579 

Table  XII.   Stage,  60%  of  design  speed  line 


N 

• 

itVef 

TT 

^is 

AT-t- 

Nref 

Ttl 

[-] 

[lbs/s] 

["] 

[-] 

[-] 

0.598 

12.986 

1.141 

0.875 

0.044150 

0.599 

13.187 

1.141 

0.867 

0.044509 

0.597 

13.073 

1.144 

0.876 

0.044796 

0.597 

13.038 

1.149 

0.886 

0.045820 

0.601 

12.882 

1.153 

0.878 

0.047344 

0.598 

12.791 

1.156 

0.880 

0.048176 

0.598 

12 . 784 

1.162 

0.887 

0.049713 

0.600 

12.502 

1.162 

0.378 

0.052158 

0.598 

12.411 

1.176 

0.891 

0.053385 

0.600 

12.250 

1.183 

0.901 

0.054873 

0.600 

12.064 

1.188 

0.399 

0.056233 

0.597 

11.797 

1.192 

0.396 

0.057650 

0.596 

11.758 

1.198 

0.911 

0.058433 

0.596 

11.631 

1.202 

0.913 

0.059349 

0.596 

11.366 

1.204 

0.869 

0.062835 

0.600 

11.005 

1.217 

0.915 

0.063295 

0.597 

10 . 784 

1.219 

0.904 

0.064592 

0.599 

11.293 

1.211 

0.920 

0.061215 
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Table  XIII.  Stage,  70%  of  design  speed  line 


N 

• 

"Iref 

IT 

^is 

ATt 

Nref 

Ttl 

C-] 

[lbs/s] 

["] 

[-] 

[-] 

0.690 

14.95 

1.201 

0.873 

0.06159 

0.690 

14.82 

1.212 

0.873 

0.06432 

0.688 

14.58 

1.225 

0.895 

0.06681 

0.690 

14.50 

1.237 

0.897 

0.07010 

0.689 

14.153 

1.247 

0.904 

0.07215 

0.690 

14.053 

1.257 

0.911 

0.07943 

0.690 

13.723 

1.266 

0.915 

0.07640 

0.690 

13.542 

1.278 

0.917 

0.07950 

0.691 

13.322 

1.205 

0.916 

0.08152 

0.690 

13.168 

1.294 

0.921 

0.08320 

0.690 

12.850 

1.301 

0.923 

0.08504 

Table  XTV.  Rotor  only  full  open  throttle  line 


N 

%ef 

IT 

^is 

ATt 

Nref 

Ttl 

M 

[lbs/s] 

["] 

C-] 

C-] 

0.248 

5.491 

1.021 

0.793 

0.0077 

0.295 

6.733 

1.030 

0.820 

0.0105 

0.329 

7.334 

1.039 

0.852 

0.0130 

0.395 

8.808 

1.058 

0.886 

0.0184 

0.493 

10.970 

1.093 

0.913 

0.0282 

0.524 

11.650 

1.105 

0.907 

0.0321 

0.556 

12.500 

1.120 

0.916  . 

0.0361 

0.589 

13.170 

1.133 

0.913 

0.0389 

0.590 

13.050 

1.134 

0.918 

0.0401 

0.620 

13.750 

1.148 

0.927 

0.0436 

0.654 

14.480 

1.166 

0.926 

0.0487 

0.687 

15.120 

1.181 

0.904 

0.0539 
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